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The term “de-etiolation” refers to the light-dependent differentiation
of etioplasts to chloroplasts in angiosperms. The underlying process
involves reorganization of prolamellar bodies (PLBs) and prothyla-
koids into thylakoids, with concurrent changes in protein, lipid, and
pigment composition, which together lead to the assembly of active
photosynthetic complexes. Despite the highly conserved structure of
PLBs among land plants, the processes that mediate PLB maintenance
and their disassembly during de-etiolation are poorly understood.
Among chloroplast thylakoid membrane-localized proteins, to date,
only Curvature thylakoid 1 (CURT1) proteins were shown to exhibit
intrinsic membrane-bending capacity. Here, we show that CURT1 pro-
teins, which play a critical role in grana margin architecture and thy-
lakoid plasticity, also participate in de-etiolation and modulate PLB
geometry and density. Lack of CURT1 proteins severely perturbs
PLB organization and vesicle fusion, leading to reduced accumulation
of the light-dependent enzyme protochlorophyllide oxidoreductase
(LPOR) and a delay in the onset of photosynthesis. In contrast, over-
expression of CURT1A induces excessive bending of PLB membranes,
which upon illumination show retarded disassembly and concomitant
overaccumulation of LPOR, though without affecting greening or the
establishment of photosynthesis. We conclude that CURT1 proteins
contribute to the maintenance of the paracrystalline PLB morphology
and are necessary for efficient and organized thylakoid membrane
maturation during de-etiolation.

CURT1 | de-etiolation | prolamellar bodies | chloroplast biogenesis |
photosynthesis

he transition from etioplast to chloroplast is a highly dynamic

process involving changes in membrane structure accompa-
nied by reprogramming of nuclear and plastid gene expression as
well as metabolism (1-3). Etioplasts contain an internal network of
paracrystalline membranes known as prolamellar bodies (PLBs),
from which porous prothylakoid (PT) membranes protrude (4).
Recent studies using advanced electron tomography (ET) have
elucidated the structural rearrangements in PLBs and PTs during de-
etiolation (5). These investigations have shown that upon illumina-
tion, the regularity of the paracrystalline network of PLBs progres-
sively declines, while PTs elongate from the margins of PLBEs,
forming parallel rows oriented along one axis of the etio-chloroplast.
Over time, PTs undergo further morphological changes, which
transform porous and discontinuous membranes into flat, layered
lamellae—the first grana stacks (5). During this process, the protein
and pigment content of the PTs changes drastically. Etioplasts
contain not only high concentrations of ATPase precomplexes,
ferredoxin-NADP™ oxidoreductase, and FtsH and Clp proteases (6)
but also several glycolytic enzymes, including enolase and phos-
phoglyceromutase, and phosphoenolpyruvate translocators (7).
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Moreover, the PLBs in etioplasts accumulate copious amounts of
the light-dependent enzyme NADPH:protochlorophyllide oxido-
reductase (LPOR) and the precursor pigment protochlorophyllide
(Pchlide), which together form a photoactivatable complex (1, 4,
6, 8). Upon illumination, LPOR-containing complexes drive the
conversion of Pchlide to chlorophyllide and rapidly disintegrate,
with the concomitant degradation of LPOR. The subsequent
conversion of chlorophyllide into chlorophyll by downstream
tetrapyrrole pathway enzymes is accompanied by the synthesis of
chlorophyll-binding proteins, such as the light-harvesting com-
plexes (LHCs) and PSI and PSII core proteins (4, 9, 10), and leads
to the de novo assembly and organization of photosynthetic
complexes in the thylakoid membranes (1, 11-13).

Various mutants that are defective in thylakoid development
have been characterized. The genes affected code for assembly
factors (e.g., sco2 and hcf222) (14, 15), enzymes of lipid biosynthesis
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(mgdl and dgdl) (16, 17), and transcription factors (including the
ABI4-HYS5 cascade and OR-TCP14) (18, 19) among other func-
tions. Their phenotypes range from mild defects in thylakoid bio-
genesis (i.e., mutants of the OR-TCP14 pathway) to severe effects
in PLB and PT ultrastructure or plant death (e.g., lipid mutants).
Indeed, only the use of DEX-inducible amiRNA-dgd! and
amir-RNA-mdglI lines made it possible to explore the roles of
monogalactosyldiacylglycerol (MGDG) synthetase 1 (MGD1) and
diacylgalactosyldiacylglycerol synthase 1 (DGD1), respectively, in
lipid bilayer formation during thylakoid biogenesis (20). These
studies have contributed significantly to our understanding of PLB
biogenesis, especially the morphological impact of lipids, pigments,
and photosynthesis-related proteins on this process. However, the
components that mediate the morphological transformation of PLBs
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remain elusive, although the available evidence argues for partici-
pation of membrane-bending proteins (5).

Curvature Thylakoid 1 (CURT1) proteins are major contrib-
utors to the shaping of chloroplast thylakoid membranes (21). In
Arabidopsis thaliana, they comprise a family of four thylakoid
membrane-anchored proteins—named CURTIA to D—with
molecular weights ranging between 11 and 15 kDa. CURTI1A,
the major isoform, induces thylakoid bending both in vitro and in
planta (21). In the A. thaliana curtlabcd quadruple mutant
(lacking all four CURT1 proteins), the grana diameter is in-
creased, while the efficiency of light acclimation mechanisms
such as state transitions and the PSII repair cycle (22) is im-
paired. The former effect can be expected to diminish the effi-
ciency of plastocyanin-mediated electron transport (due to the
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CURT1 proteins are present in membrane fractions of cotyledons throughout de-etiolation. (A) Accumulation of CURT1A-C proteins in cotyledons and

roots of 7-d-old Col-0 and Ler-0 seedlings grown under a 16/8 h light/dark cycle. ACTIN was used as the loading control. (B) Design of the de-etiolation assay.
Seeds were stratified for 2 to 3 d and exposed to light for 1 h prior to dark acclimation for 1 wk. Seedlings were sampled at 0, 3, 6, 9, 12, 24, and 48 h after the
onset of continuous light (dotted lines). (C) Immunoblotting analysis of CURT1A-C accumulation in total protein extracts from seedlings sampled at the times
shown in B; 10 pg of protein was loaded in each lane. n = 3. (D) Membrane fractions (M. fractions) were prepared from cotyledons after 6 h of illumination.
The accumulation of CURT1A-C proteins in mature thylakoids (T) and membrane fractions was analyzed in Col-0 and Ler-0. AtpB, a typical integral membrane
protein, served as the loading control. n = 3. (E) Images of emerging cotyledons from Col-0, curt1abcd, Ler-0, and oeCURTTA at 0, 12, and 48 h after the onset
of illumination. (Scale bar, 5 mm.) (F and G) Total chlorophyll content analyzed in (F) Col-0, curtiabcd, and (G) Ler-0 and oeCURT1A after 3, 6, 9, 12, 24, and
48 h of de-etiolation. The contributions of chlorophyll a (black columns) and chlorophyll b (white columns) to the total chlorophyll content are depicted. Error
bars represent SDs of six biological replicates. Levels at 48 h were compared (by two-way ANOVA with Bonferroni posttest) between curt7abcd and Col-0 and

between 0eCURTIA and Ler-0. **P < 0.01; ***P < 0.001.
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longer distance covered by diffusion), which can in turn account
for the latter phenotype (23). The cyanobacterial ortholog of
CURT1A, synCurT, has been postulated to play a role in both
thylakoid morphology and thylakoid biogenesis (24), raising ques-
tions regarding the possible role of CURT1 proteins during thyla-
koid biogenesis in land plants. In the present work, we explore the
impact of CURT1 proteins on PLB structure and membrane re-
organization during the formation of a functional photosynthetic
apparatus upon induction of de-etiolation in 4. thaliana seedlings.

Results

CURT1s Are Membrane-Integral Etioplast Proteins that Affect Chlorophyll
Accumulation during De-etiolation. To determine CURTI protein
profiles in seedlings, total protein extracts obtained from cotyledons
and roots of 7-d-old seedlings were analyzed by immunoblotting
(Fig. 14). CURT1 proteins (CURT1A-C) were detected only in
cotyledons but not in roots of the wild-type (WT) A. thaliana
ecotypes Columbia-0 (Col-0) and Landsberg erecta-0 (Ler-0)
(Fig. 14). In agreement with previous studies (21), CURT1D was
undetectable by immunoblotting. As CURT]1 proteins were only
detectable in cotyledons, we followed their accumulation during
de-etiolation in more detail (Fig. 1B). We detected similar levels
of CURT1A, B, and C in total protein fractions of etiolated and
de-etiolated seedlings throughout the first 24 h of de-etiolation.
Only after 48 h of illumination, an increase in CURT1 amounts
was observed which correlated with the appearance of leaves
primordial (Fig. 1C). We further detected CURT1 protein accu-
mulation in membrane fractions of de-etiolated seedlings after 6 h
of illumination (Fig. 1D). The presence of CURT1A and LPOR in
the same membrane fraction after 15 min of illumination (S/
Appendix, Fig. S14), together with the concomitant decrease of
LPOR after 6 h and 48 h of de-etiolation (SI Appendix, Fig. S1B),
implies that CURT]1 proteins are membrane localized within the
etioplast.

For an extensive study of the roles of CURT1 proteins during
greening, we made use of two previously characterized A. thali-
ana mutant lines: curtlabcd, which is devoid of all four CURT1
isoforms in the Col-0 background, and 0eCURTIA, a CUR-
T1A::c-Myc-tagged overexpressor line in the Ler-0 background
which accumulates around 2.3 times more CURT1A protein in
mature plants than the respective WT (21, 22). Both of these lines
and their corresponding WT controls were subjected to the de-
etiolation protocol (Fig. 1B). We observed that CURT1A accu-
mulated around 30-fold in 0eCURTIA compared to Ler-0 in eti-
olated tissue and that CURT1A levels altered only marginally
during de-etiolation (SI Appendix, Fig. S1 C and D). In addition,
we observed a delay in the greening of curtlabed seedlings (rela-
tive to Col-0) at 12 h postillumination (Fig. 1E and SI Appendix,
Fig. S2), consistent with reduced contents of total chlorophyll after
24 and 48 h of illumination (Fig. 1F). Although no notable dif-
ferences in greening were observed between 0eCURTIA and
Ler-0 (Fig. 1E and SI Appendix, Fig. S2), a clear increase in total
chlorophyll content in 0eCURT1A compared to Ler-0 was de-
tected after 48 h of illumination (Fig. 1F). Together, our results
show that CURT1A, B, and C are membrane-associated proteins
present in etio-chloroplasts and have an impact on chlorophyll
accumulation during de-etiolation.

CURT1A-Mediated Changes in LPOR Degradation and Accumulation of
Photosynthetic Proteins Correlate with the Modifications in PLB and
PT Structures. To unravel the function of CURT1 proteins in the
development of the photosynthetic apparatus during de-etiolation,
we analyzed the accumulation of photosynthesis-related proteins
in total protein extracts from seedlings of all four genotypes at
different stages of de-etiolation. We observed that in curtlabcd,
LPOR was present in lower amounts in etiolated seedlings, while
it was more abundant in oeCURTIA, relative to the WT controls
(Fig. 24). Interestingly, the degradation of LPOR appeared to be
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delayed in 0eCURTIA, while it was accelerated in curtlabcd
(Fig. 24). In agreement with previous studies (4), all four genotypes
exhibited a rapid decline in LPOR transcript accumulation upon
illumination. Lower LPOR messenger ribonucleic acid (mRNA)
levels were observed in etiolated seedlings of curtlabed (SI Ap-
pendix, Fig. S3), which partially explains the lower protein content
observed in etiolated tissue but not the faster degradation of LPOR
proteins. In contrast, LPOR transcript levels in oecCURT1A behaved
similarly to those in Ler-0 (S Appendix, Fig. S3), suggesting that
protein degradation rather than LPOR transcription or mRNA
stability is altered in oeCURTIA.

In curtlabed, we observed a delay in the accumulation of PSII
and PSI core proteins, including D1 (PsbA), D2 (PsbD), CP43
(PsbC), and PsaB. Their levels remain lower than in Col-
0 throughout the course of de-etiolation (Fig. 24 and SI Appen-
dix, Fig. S4). While psbA transcript levels were lower in curtlabed
(SI Appendix, Fig. S3), no differences in psaA transcripts were
observed between curtlabed and Col-0 (SI Appendix, Fig. S3). In
contrast, no notable differences in PsaB, D1, or D2 protein con-
centrations were detectable between 0eCURTIA and Ler-0, in
agreement with the psa4 and psbA transcript levels in both gen-
otypes (Fig. 24 and SI Appendix, Fig. S3). Notably, the amounts of
CP43 were lower in 0eCURT1A (SI Appendix, Fig. S4). Although a
decrease in LHCAI transcripts was observed in curtlabcd after
24 h of illumination (SI Appendix, Fig. S4), levels of the Lhcal
protein were not notably affected (Fig. 24). Amounts of both the
PSII antenna protein Lhcb2 and its mRNA were altered in cur-
tlabcd relative to Col-0 (Fig. 24 and SI Appendix, Fig. S3). In
0eCURTIA, levels of Lhcal exceeded those in Ler-0, while Lhcb2
amounts were lower (Fig. 24). Consistent with previous studies
(1, 6), no major changes in the accumulation of AtpB, RbcL, or
PetA (cytochrome f) were detected in curtlabed or 0eCURTIA
(Fig. 24 and SI Appendix, Fig. S4).

The delayed greening in curtlabcd together with the altered
transcript and protein profiles observed in both curtlabcd and
0eCURTIA prompted us to study the course of membrane reor-
ganization during etioplast-to-chloroplast differentiation in these
lines using transmission electron microscopy (TEM; Fig. 2 B and
C and SI Appendix, Figs. S5-S7). We observed that the disas-
sembly of PLBs proceeded faster in curtlabed than in Col-0 and
was completed within the first 6 h after induction of de-etiolation
(Fig. 2B and SI Appendix, Fig. S5). In contrast, PLB structures
persisted for longer in 0eCURTIA than in Ler-0 and were still
visible after 24 h of illumination (Fig. 2C and SI Appendix, Fig.
S6). The PT structures were also altered in 0eCURT1A, exhibiting
either discontinuous or tubular patterns visible in TEM cross-
sections (from 0 to 9 h into the de-etiolation process) (SI Ap-
pendix, Fig. S6). Given the intrinsic membrane-bending capacity of
CURTI1A (and other CurT proteins) previously observed in
in vitro experiments (21, 24), we speculate that CURT1A pro-
vokes distortions within PTs that lead to discontinuity of PTs
within the focal plane. However, regular grana-like pairing of
folded single PT membranes also occurs in o0eCURT1A, as shown
in SI Appendix, Fig. S7. In addition, etioplasts of curtlabcd mu-
tants showed loosely packed vesicle-like structures around the
PLBs (Fig. 2B). These vesicle-like structures were in close prox-
imity to the stroma-exposed PLB domains (SI Appendix, Fig. S8 A
and B). We did not observe these structures in curtlabcd or in any
other genotype between 3 and 24 h into the de-etiolation process.
Only after 48 h of illumination, we again observed accumulation of
vesicles in curtlabed (Fig. 2). Higher-resolution images showed
that similar to the observations in etiolated tissue, the vesicle-like
structures were in close proximity to the membranes and exclu-
sively in nonappressed areas near the grana stacks (SI Appendix,
Fig. S8 C and D).

Immunogold electron microscopy confirmed the enrichment
of CURTI1A within the PLBs and PTs of Col-0, Ler-0, and
0eCURTIA in etiolated samples (SI Appendix, Fig. S94) and in
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Fig. 2. Protein profiles are affected by structural changes in PLBs and PTs in curtlabcd and oeCURTTA. (A) Protein profiles of 7-d-old seedlings were de-
termined at 0 to 48 h of de-etiolation in the curtlabcd mutant and the corresponding WT Col-0 (Left) and in the 0eCURTT1A line and its respective WT control
(Ler-0; Right). At each time point, 10-ug aliquots of total protein were fractionated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and subjected to immunoblot analysis (n = 3). (B and C) Transmission electron micrographs of chloroplasts from (B) Col-0 and curtlabcd and (C) Ler-0 and
0eCURTIA after 0, 6, 12, and 48 h of illumination (Left and Middle). Schematic depictions of the respective membrane morphologies (scaled by average PLB
size and compactness, grana sizes, and grana thylakoid interconnectivity) are presented (Right). Note that for clarity, the PLB network is magnified threefold
relative to the size of grana stacks (membrane thickness is fixed), and the color schemes depict relative levels of chlorophyll accumulating in the respec-
tive genotypes. Stars and arrowheads indicate PLBs and stacked membranes, respectively. (Scale bars, 500 nm [Left, TEM] and 250 nm [Middle, TEM

magnification].)

etio-chloroplasts after 12 h of illumination (SI Appendix, Fig.
S9B). This observation was confirmed by immunogold detection
of the c-Myc-tagged version of CURT1A expressed in o0eCURT1A
(SI Appendix, Fig. S9 A and B). Notably, a marked enrichment of
gold nanoparticles, indicative of the presence of CURT1A, was
observed in PLBs of etio-chloroplasts of 0eCURTIA after 12 h of
illumination (SI Appendix, Fig. S8B).

PLBs Acquire an Unusual Morphology upon Excessive Accumulation of
CURT1A. The pronounced and contrasting differences in PLB
morphology between curtlabcd and 0eCURTI1A prompted us to
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characterize the PLB structure in more detail. We noted that the
cross-sectional areas of the PLB unit cells in curtlabed and
0eCURTIA differed significantly from those of the respective
WTs. The mean cross-sectional PLB unit cell area in curtlabed
was 1.3 times higher than in Col-0 (2,654 + 105 nm? and 2,060 +
215 nm?, respectively), whereas 0eCURTIA showed a 15-fold
reduction in comparison to Ler-0 (183 + 13 nm? and 2,672 + 145
nm?, respectively; Fig. 34). In addition, we observed a higher
PLB tubule diameter in curtlabcd (27.09 + 3.03 nm) in com-
parison to Col-0 (21.85 + 2.5 nm; Fig. 3B). In contrast, the tubule
diameter was strongly reduced in 0eCURTIA (17.42 + 2.19 nm)
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in comparison to the corresponding WT Ler-0 (29.72 + 2.36 nm;
Fig. 3B). To obtain more detailed information on PLB geometry,
we analyzed etiolated cotyledons from Col-0, Ler-0, curtlabcd,
and 0eCURTIA seedlings by ET (Fig. 3C). Using a surface
projection, image recognition method that enables matching of
TEM images with computed projections of bicontinuous phases
(25), we found that the PLB lattice in all examined genotypes
adopts a cubic membrane organization of a diamond type
(D-type; Fig. 3 D and E). Significant differences between TEM
images of the 0eCURTIA PLB network and those of the other
examined plants are therefore mostly related to a decreased
size of the PLB unit cell in this genotype (Fig. 3 A and E—unit
cell marked in purple). Moreover, we analyzed the spatial
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parameters of the PLB network inner-to-outer volume ratio (Vy/
V,) and the area-to-volume ratio (A/V;) parameters (26) based on
reconstructed three-dimensional (3D) tomograms. We observed an
increase in the V;/V, of the paracrystalline structure in oeCURTIA
plants, indicating significant changes in the balance between inner
and outer aqueous channels of the PLB (Fig. 3C). In addition, we
observed a higher A/V; in 0eCURTIA, which indicates increased
PLB compactness calculated from actual 3D visualization of the
periodic surface. The higher the A/V; value, the more compact are
PLBs (i.e., more membranes are present in a given volume;
Fig. 3C). We also assessed the PLB morphology of a curtla mu-
tant in the Ler-0 background, an ecotype which is characterized by
a larger unit cell size than Col-0 (SI Appendix, Fig. S10 A-F). This
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Fig. 3. Packing and morphology of PLBs is altered by either lack or excess of CURT1 proteins. (A) Mean cross-sectional areas of the unit cells of paracrystalline
PLB lattices calculated from transmission electron micrographs of Col-0, curtlabcd, Ler-0, and oeCURTI1A. Error bars represent the SD. Col-0 was compared
with curtlabcd and Ler-0 with oeCURTTA by two-way ANOVA with Bonferroni posttest; ****P < 0.001. (B) Sections obtained from Col-0, curt1abcd, Ler-0, and
0eCURTTA and examined by TEM. The tubule diameters for Col-0, curt’abcd, Ler-0, and oeCURT1A are indicated below each image. (C) 3D isosurface re-
constructions of TEM sections from Col-0, curtlabcd, Ler-0, and oeCURTTA. The spatial PLB parameters of inner-to-outer volume ratio (Vi/Vo), and
area-to-inner volume ratio (A/Vi) were calculated based on PLB 3D isosurface reconstructions of electron tomographs of PLBs from Col-0, curt7abcd, Ler-0, and
0eCURTIA. (D) Electron micrographs of PLB lattices and computed projections of D-type surfaces obtained with the SPIRE tool; regions marked with white
squares show a superposition of computed projections and TEM images using multiply blend mode. (E) 3D spatial models of cubic D-type PLB grids generated
based on parameters obtained with the SPIRE tool. Single PLB unit cells are marked with purple, and all models are shown to scale, representing actual
differences between unit cell sizes and volume proportion of the PLB network in particular genotypes (n = 3 for tomograms and reconstructions).
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analysis revealed significant disturbances of PLB formation in
etioplasts of curtla plants. PLBs were fragmented and exhibited
local irregularities, indicating the unstable nature of these
structures at the level of both whole PLBs and particular unit
cells (SI Appendix, Fig. S10 A-C). Measurements of the cross-
sectional PLB unit cell size for recognized D-type surfaces
showed a significant increase in the values registered for curtla
compared to Ler-0 (S Appendix, Fig. S10 D-F). Moreover, we
observed faster LPOR degradation and increased accumulation
of Lheb2 and AtpB in curtla compared to Ler-0 (SI Appendix,
Fig. S10G), which reflected in delayed greening (SI Appendix,
Fig. S10H), similar to the observation made between Col-0 and
curtlabed.

Despite these differences in PLB structure, all four tested
genotypes (Col-0, Ler-0, curtlabed, and oeCURTIA) exhibited
grana stacking after 6 h of de-etiolation (SI Appendix, Fig. S5).
Next, we measured grana diameter and grana height after 6, 12,
24, and 48 h of illumination (SI Appendix, Fig. S10). In agree-
ment with previous studies (5), grana height and grana diameter
increased over time in both Col-0 and Ler-0. From the onset of
grana formation, grana diameters in curtlabcd exceeded those in
Col-0, without displaying much plasticity during thylakoid mat-
uration (SI Appendix, Fig. S114). In contrast, oeCURTIA
showed a reduction in grana diameter compared to Ler-0, which
was exacerbated upon illumination (SI Appendix, Fig. S11B). No
striking differences in grana height were observed between Col-
0 and curtlabed or in Ler-0 versus oeCURTIA. To investigate
whether the alterations in grana diameter observed in curtlabcd
and 0eCURTIA correlate with changes in 3D grana structure, we
used ET to explore the changes in thylakoid spatial morphology
after 48 h of de-etiolation (Fig. 4). Col-0, Ler-0, and 0eCURT1A4
displayed a similar spatial distribution of thylakoid membrane
structures (5), with well-defined grana core and margin areas,
while curtlabed showed perforated grana with numerous instances
of local splitting of grana. Additionally, curtlabcd lacks the typical
extended stroma thylakoids that normally connect neighboring
grana stacks and exhibits accumulation of several vesicle-like
structures. After 48 h, WT grana exhibited small membrane
stacks with local membrane staggering, indicating the initiation of
the typical helical arrangement of grana (27) (Fig. 4).

Onset of Photosynthesis and PS Complex Assembly Are Markedly
Delayed in curtlabcd. To analyze the influence of both altered
thylakoid biogenesis and protein accumulation on the onset of
photosynthetic activity, we measured light induction curves with
the aid of pulse amplitude modulation (PAM) fluorometry. In
accordance with previous reports (13), a fluorescence signal was
registered in etiolated seedlings of all genotypes, and its intensity
decreased during the first 6 h of illumination. In seedlings col-
lected after 6 h of de-etiolation, a chlorophyll fluorescence
peak originating from PSII (black arrows, SI Appendix, Fig. S11)
was observed in Col-0, Ler-0, and oeCURTIA but appeared
only after 9 h of illumination in curtlabcd. Compared to Col-0,
etiolated curtlabed seedlings generally displayed a reduced
maximum quantum yield of photosystem II (Fv/Fm) over the
course of de-ctiolation, whereas 0eCURTIA and Ler-0 showed
similar Fv/Fm values (Fig. 54). The initial decline in Fv/Fm
values can be ascribed to Pchlide reduction upon illumination
and the concomitant accumulation of various intermediates in
chlorophyll biosynthesis, while its subsequent rise reflects the
increase in chlorophyll levels (Fig. 54) and the accompanying
onset of PSII assembly after 6 h of illumination. After 9 h of
illumination, PSII activity had increased more rapidly in Col-0,
Ler-0, and 0eCURTIA than in curtlabcd. Indeed, PSII function
remained limited in curtlabed throughout the stages of chloro-
plast biogenesis examined (Fig. 54).

To address the differences in PSII functionality observed in
curtlabcd, the assembly of photosystem I and II complexes was
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analyzed using 77 K fluorescence spectroscopy (Fig. 5 B and C
and SI Appendix, Fig. S12). Fluorescence emission spectra of
etiolated cotyledons showed two distinct maxima at 632 and 654
nm, which derive from free Pchlide and photoactive Pchli-
de:LPOR:NADPH complexes, respectively (12). In both Col-0 and
Ler-0, the 654-nm peak was higher than the 632-nm peak, while the
opposite was observed for curtlabcd and oeCURTIA (Fig. 5B).
After 3 h of illumination, these peaks had transitioned into a sharp
peak at 679 nm, corresponding to chlorophyll that is not yet asso-
ciated with photosystems (13), and a second broad peak between
716 and 728 nm in all genotypes examined (Fig. 5SB). The two peaks
at 723 nm and 716 nm indicate the appearance of PSI core com-
plexes in Col-0 and curtlabcd, respectively (Fig. 5B). Both Col-0 and
Ler-0 exhibited the PSI core complex peak at 723 nm (Fig. 5B).
However, 0eCURT1A exhibited a peak at 728 nm that was previ-
ously attributed to assembled PSI-LHCI (13, 28), which is consistent
with the earlier appearance of the PSI antenna protein Lhcal as
observed by immunoblotting in oeCURTIA (Fig. 24).

All genotypes displayed similar and progressive formation of
PSII-LHCII complexes, represented by a peak at 680 nm, which
first emerged after 6 h of illumination (Fig. 5B). However, in
curtlabed, formation of PSI-LHCI was noticeably delayed, as
indicated by the retarded appearance of the shift in peak maxi-
mum from 716 to 728 nm. Despite the differences observed in
curtlabcd and 0eCURTIA at early stages of de-etiolation, chlo-
rophyll emission spectra after 48 h of illumination were quali-
tatively similar to those observed in mature plants (S Appendix,
Fig. S124). The difference spectrum curtlabed versus Col-0 at
48 h featured a higher 697-nm peak on excitation at 470 nm than
at 412 nm, which indicates that the higher contribution of the
PSII-related peak in this genotype is mainly due to an increased
LHCII antenna content (probably in aggregated states) rather
than the typical PSII supercomplexes (Fig. 5SC and SI Appendix,
Fig. S13B). These differences in fluorescence are also consistent
with the differences in the accumulation of PSII core proteins
and LHCII proteins between curtlabed and Col-0 detected by
immunoblotting (Figs. 24 and 5 B and C). Finally, we explored
the possible effects of CURT1A-mediated changes on the dy-
namics of Pchlide to Chlide conversion using either flash illumi-
nation of the samples for 1 ms (FL) or 15 s of dim-light exposition
(LL) (SI Appendix, Fig. S14). Such illumination conditions af-
fected mainly the ~654-nm photoactive Pchlide peak. A lack of
this band was seen in flash-illuminated samples, and instead, a new
685-nm peak corresponding to Chlide bound to LPOR-NADP+
was observed. Dim-light illumination (15 s) resulted in reduced
intensity of the ~654-nm band and the presence of a broad
675-nm peak representing Chlide after the Shibata shift. In both
illumination conditions, the spectra of curtlabcd seedlings were
very similar to the WT, with a lower contribution of the ~654-nm
peak in 15 s LL and the 685-nm peak after 1 ms of FL in the
curtlabed mutant (SI Appendix, Fig. S14 A). These results are
consistent with the lower levels of LPOR protein in curtlabcd
compared to Col-0 (Fig. 24). We did not observe any delay in
photoactive Pchlide conversion in 0eCURTIA in any of the ap-
plied light settings in comparison to Ler-0 seedlings (SI Appendix,
Fig. S13B). Moreover, an increase in the 675-/685-nm peaks was
visible in 0eCURT1A compared to Ler-0 (SI Appendix, Fig. S14B),
in line with the higher LPOR levels detected in this genotype
(Fig. 34). Taken together, our results demonstrate that CURT1
proteins play a role in the concerted assembly of photosynthetic
complexes and the timing of the onset of photosynthesis but do
not contribute to LPOR oligomerization.

Discussion

For decades, the formation of PLBs, their disassembly upon il-
lumination, and the latter’s contribution to autotrophic growth
have been the subject of many studies in model plants, including
rice, wheat, bean, pea, tobacco, and A. thaliana (2, 3, 29, 30).
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Electron tomographic reconstruction of thylakoid membranes after 48 h of illumination electron tomographic reconstructions of thylakoid mem-

branes in Col-0 (Left), curtlabcd (Middle Left), Ler-0 (Middle Right), and oeCURT1A (Right) lines based on TEM sections. Each column shows (from Top to
Bottom) the central section of the TEM stack (TEM), a surface model (colored in red for stroma thylakoids, green for grana thylakoids, and yellow for grana
margins) superimposed on the reconstructed tomogram, a surface visualization shown in reversed view (3D model), and magnified and rotated views of the
grana core (GC region) and grana margins (GM region). White arrowheads indicate the dichotomous splitting of the membranes observed in curt1abcd and

0eCURTIA sections. Scale bars and magnifications are the same for all genotypes in each row.

These studies have suggested that the morphology and geometry
of PLBs depend on their lipid composition, protein content,
and pigment accumulation. Loss of either of the galactolipid
biosynthesis-related genes MGDI and DGDI, which are required
for the synthesis of monogalactosyldiacylglycerol (MGDG) and
digalactosyldiacylglycerol (DGDG), respectively, has severe ef-
fects on the size and the arrangement of the paracrystalline
membranes of PLBs and on PT protrusion, suggesting that the
morphology and biogenesis of PLBs depends on the MGDG/
DGDG ratio (31). Similarly, accumulation of the LPOR protein
has been proposed as a key requirement for PLB formation (32).
The absence of PLB structures from the por4 mutant negatively
affects chloroplast differentiation and plant development, indi-
cating that PORA plays a role in PLB organization and chloro-
plast differentiation, and its content is also influenced by the
MGDG/DGDG ratio (33, 34). Indeed, overexpression of PORA
rescues the abnormal PLB morphology observed in the copl
mutant (in which photomorphogenesis is disrupted) (35), which
supports a role for LPOR in PLB formation. Additionally, the
carotenoid-related mutant ccr2 lacks PLBs but expresses WT
levels of LPOR and has normal Pchlide contents (36). The finding
that the loss of PLBs is rescued by additional mutations in the
C-carotene isomerase (37) argues for a role for carotenoids in PLB
biogenesis but not in disassembly upon illumination. It has been
proposed that CURT1 proteins could contribute to thylakoid
maturation during proplastid-to-chloroplast differentiation (38).
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Our results reported here demonstrate that CURT1 proteins ac-
cumulate in membrane fractions of etioplasts and influence the
architecture and packing density of PLBs as well as the arrange-
ment of PTs in etiolated seedlings. Although lower levels of the
Pchlide:LPOR:NADPH complex were observed in both etiolated
curtlabed and 0eCURTIA seedlings (compared to the WT), in all
genotypes, the complex had disappeared after 3 h of illumination.
Nevertheless, the accumulation of LPOR, and its subsequent
degradation upon light exposure is influenced by the CURTI-
mediated alterations in PLB morphology, as reflected in the
lower abundance and slightly faster degradation of LPOR in
curtlabced, and its greater abundance and delayed degradation in
0eCURTIA (Fig. 6). Our results strongly suggest that the Pchli-
de:LPOR:NADPH complex is not the only essential component
for PLB maintenance, as suggested previously, since it becomes
undetectable after 3 h of illumination in all genotypes studied
here. Further, we cannot reject the notion that LPOR, either by
itself or in association with other proteins/pigments, or the pre-
viously proposed VIPP1 (39) contributes to the maintenance of
PLBs (32, 40). Although the lower content of LPOR in curtlabed
is directly related to the reduced accumulation of the corre-
sponding transcript, we speculate that the size of the PLB unit cell
defines the content of LPOR and/or its accessibility to lipid/
membrane-remodeling proteins (e.g., proteases responsible for
LPOR degradation). In this scenario, the higher LPOR content
observed in 0eCURTIA, even after 24 h of illumination, could be
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Fig. 5. The onset of photosynthesis and the assembly of photosynthetic complexes is markedly delayed in curt7abcd. (A) Comparisons of Fv/Fm values derived
from PAM measurements of etiolated Col-0 and curt7abcd (Left) and Ler-0 and oeCURT1A (Right) seedlings after 0, 3, 6, 9, 12, 24, and 48 h of illumination (n = 5;
two-way ANOVA, with Bonferroni posttest; *P < 0.05; **P < 0.01). (B) Low-temperature (77 K), steady-state fluorescence curves for Col-0 (solid line) and curt1abcd
(dashed line) (Left) and Ler-0 (solid line) and oeCURT1A (dashed line) (Right) at the indicated times after induction of de-etiolation. (C) Fluorescence difference
spectra (excitation at 440 nm) for the indicated genotypes after 48 h of illumination. Spectra are representative of three independent measurements.

related to the supercondensed nature of PLBs in this mutant line.
In addition, we speculate that CURT1 proteins might be involved in
the tubular-to-lamellar transition and may contribute to establishing
the optimal MGDG/DGDG ratio required for the regulation of
Pchlide:LPOR:NADPH complex activity (41) and for the effective
redistribution of membranes from disassembled PLBs into thyla-
koid membranes. However, this hypothesis remains to be tested.
We note the presence of abundant swollen vesicles exclusively
in etiolated tissue in curtlabcd, in the context of PLB synthesis,
and after 48 h of de-etiolation, when de novo membrane syn-
thesis is already active. Vesicles are not observed between 3 and
24 h, during which time formation of the lamellar membrane
system mainly proceeds by the direct transformation of already
synthesized PLB membranes that signals their structural transi-
tion from tubular to lamellar (5). No delay in the initiation of
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grana formation was observed in curtlabcd, since the tubular-
to-lamellar transformation at the onset of de-etiolation is fed
by membrane material derived from the PLBs and does not re-
quire extensive transport from the envelope. Therefore, lack of
CURT!1 proteins presumably results in de novo synthesis of the
thylakoid network through formation of swollen vesicles rather
than direct connection of the envelope with the internal plastid
membrane network. This hypothesis is supported by the lack of
contact sites between thylakoids and plasma membrane in the
Synechocystis CurT mutant (24) and argues for a role of CURT1
proteins in the transport of lipids and proteins from the inner
envelope to the thylakoid membranes, as previously suggested (38).

As has been shown in earlier studies, we observed an increase
in the accumulation of photosynthesis-related proteins during de-
etiolation. We also confirmed the presence of Cythf, ATPase, and
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synthetic complexes observed in WT (Left), curtlabcd (Middle), and
0eCURTIA (Right) etioplasts before and after 6, 12, and 48 h of illumination.

Rubisco-related proteins in the etioplast (1, 9). Interestingly, the
accumulation of PSI- and PSII-related proteins is delayed in cur-
tlabcd, which is consistent with the delay in chlorophyll accumu-
lation. In contrast, the protein profiles of 0eCURTIA and Ler-
0 were similar overall, except for Lhcal, Lhcb2, and CP43. Despite
the lower content of Lhcb2 and higher content of Lhcal proteins
observed in 0eCURT1A, we did not observe any major changes in
chlorophyll accumulation relative to Ler-0 within the first 24 h of
de-etiolation. Rates of accumulation of mRNA and protein con-
tents are poorly correlated during chloroplast development (42,
43), as is prominently exemplified by the LHC-related genes. Both
Lhcal and Lhcb2 transcripts exhibited two expression peaks at 3
and 24 h, corresponding to the two distinct developmental phases
previously reported (3, 44). However, the magnitude of transcript
accumulation was lower in curtlabcd compared to Col-0. Since
Lhcb2 has been used as a marker for retrograde signaling (45), we
presume that communication between chloroplasts and the nu-
cleus is, to some extent, affected in curtlabcd. One of the most-
studied regulatory feedback mechanisms in retrograde signaling is
the tetrapyrrole pathway, which involves Pchilide-dependent an-
choring of glutamyl-transefer ribonucleic acid reductase (GluTR)
to the thylakoid membranes by protein FLUORESCENT (FLU)
(46, 47). We speculate that the morphological changes in the
thylakoid membranes might negatively affect the interaction be-
tween LPOR and FLU, resulting in faster accumulation of active
GIuTR in 0eCURTIA, which might explain the slightly higher
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chlorophyll content after 48 h of illumination, compared to Ler-0.
In contrast, curtlabcd showed reduced chlorophyll content, most
likely due to decreased photoactive LPOR rather than alterations
in FLU-Pchilide interaction. In agreement with this hypothesis,
our results show that the Pchlide to Chlide conversion is not af-
fected in curtlabed or 0eCURTIA, suggesting that the morpho-
logical changes in PLBs do not affect LPOR oligomerization.
However, we did observe differences in Pchlide and Chlide pro-
files in 0eCURT1A, which might be explained by a higher LPOR
content and possibly a higher content of active GluTR.

The stacking of grana has been attributed to the accumulation
of LHCII and PSII complexes and develops from lateral exten-
sion (increase in granum diameter) to vertical grana stacking,
providing a protective milieu for the assembly of PSII (5, 48-50).
Our results show that all studied genotypes display membrane-
stacking after 6 h of light exposure, suggesting that CURT1
proteins are not required for the initiation of grana formation
during de-etiolation (Fig. 6). However, the curtlabcd mutant is
impaired in the regulation of grana diameter throughout de-
etiolation, which points to a role for CURT1 proteins in the
shaping of grana or, more specifically, the establishment of de-
fined grana margins within stroma thylakoids, as proposed be-
fore (38). In contrast, the process of vertical grana stacking itself
proceeds in a similar fashion in all the genotypes after 6 h of
illumination and is correlated with the onset of and subsequent
increase in photosynthetic activity (as determined by PAM flu-
orometry) and the formation of PSII and PSI complexes, as
detected by 77-K spectroscopy (Fig. 6). However, ET of thyla-
koid membranes derived from Col-0, curtlabcd, Ler-0, and
0eCURTIA after 48 h of illumination supports the assumption
that thylakoid maturation has not reached completion in any of
these genotypes by that point, as their thylakoids did not show the
spatial organization of grana typical of mature leaves (21). More-
over, in curtlabcd and 0eCURTIA in particular, thylakoid mem-
branes continue to show splits/discontinuities within the grana
stacks (Fig. 6). Only curtlabcd showed fewer stroma thylakoids and
multiple grana membrane perforations that might facilitate the
movement of elements from stroma to grana, in a manner similar to
that proposed for cyanobacteria (51). Though 0eCURT1A showed
structural differences from WT, the overall composition of its major
photosynthetic complexes was unchanged, whereas the changes
observed in curtlabcd were correlated with abnormalities in the
assembly of photosynthetic complexes and the attachment of LHCII
to PSII. However, we cannot disregard the possibility that the ab-
errant LHCII-PSII association might reflect the action of non-
photochemical quenching mechanisms that are active at early stages
of de-etiolation (48, 52).

Although the mechanisms behind CURT1-mediated regula-
tion of thylakoid biogenesis are still not fully understood, our
results demonstrate that CURT1 proteins are present in etio-
plasts and localize to PLB and PT membranes. Loss of CURT1
proteins results in a looser packing of the PLB paracrystalline
lattice and leads to faster disassembly of PLBs, delayed protein
accumulation, reduced chlorophyll synthesis, and accumulation
of LHCII that does not become associated with PSII, all of which
ultimately results in delayed onset of photosynthesis (Fig. 6). In
contrast, overaccumulation of CURTI1A primarily induces
denser packing of PLBs, which correlates with increased LPOR
content, but has no negative effects on protein or chlorophyll
accumulation, complex assembly, or photosynthetic capacity af-
ter 48 h of de-etiolation (Fig. 6). Further studies using both
curtlabed and 0eCURTIA will help us to gain a deeper under-
standing of the structural roles of PLBs and PTs, and their im-
pact on MGDG/DGDG lipid ratios, carotenoid contents, and
retrograde signaling between chloroplasts and the nucleus.
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Materials and Methods

Information on plant material used, growth conditions, and experimental
procedures employed in this study are detailed in S/ Appendix. The provided
methods comprise specifics on (thylakoid-) protein extraction and immuno-
decoration, RNA extraction and qRT-PCR, chlorophyll quantification, PAM
fluorometry, and low-temperature (77 K) steady-state fluorescence mea-
surements. Further, details about imaging techniques used (i.e., TEM, ET,
and immuno-electron microscopy) are supplied.

Data Availability. All study data are included in the article and/or S/ Appendix
and all raw data are available upon request from the corresponding authors.
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